Photoelectron spectra of Al; and Ga; clusters in the size range n = l-l 5 are presented. Using 5.0 and 3.68 eV W light (KrF excimer and nitrogen laser, respectively), electrons from molecular orbitals corresponding to the 3p and 4p orbitals of the atoms are detached. The spectra reveal a rich fine structure not observed in earlier experiments. The data are compared with the results of quantum chemical calculations. A change in the pattern of the spectra near n = 6 can be interpreted as a transition from planar to compact 3D structures. The spectrum of Al, agrees with the icosahedral structure predicted for this particle. The data do not agree with jellium model predictions. Differences between Al and Ga data can be correlated with the larger binding energy of the Ga 4s band.
I. INTRODUCTION
One main task of cluster research is the closing of the gap between atomic and molecular physics and solid state physics. The electronic structure of small clusters with up to ten or twenty atoms can be described by quantum chemical models'-'0 used in molecular science, and the geometric structure of the cluster can be determined by simulated annealing and total energy minimization. With increasing number of atoms, the detailed geometric and electronic structure becomes more and more complicated and the complexity of these calculations increases with the number of degrees of freedom. On the other hand, the geometric and electronic structures of clusters even with more than 1000 atoms can differ significantly from the solid." Today, high level quantum chemical calculations cannot handle these large systems. In addition, a model including the information of the exact coordinates of each nucleus and the symmetry of each individual electronic orbital might be no longer useful for large clusters.
Any properties requiring a larger particle size for their development, such as metallic properties, cannot be described by quantum chemical methods without adjustable parameters. Therefore, less accurate but simpler models might be more adequate to understand the general behavior of these particles. For metal clusters, a successful approximation is the jellium mode1 [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . This model is used to describe the electronic structure of metal clusters bound by highly delocalized electrons. It is assumed that the electrons are delocalized completely within the boundaries of the whole cluster. The positive atomic cores are smeared out to a uniform positive background charge within the cluster. If the cluster is approximately spherical, the orbitals are degenerate and form shells with defined angular momentum. The predictions of stabilities, ionization potentials, and electron athnities are in reasonable agreement with experiments, if the model includes corrections for aspherical geometries.
Recently we were successful in revealing directly the electronic shell structure in individual clusters using pl toelectron spectroscopy on copper cluster anions." T study of coinage metal clusters is a strong support of t validity of the JM for metals with one valence electron I atom. By comparison with Ag spectra,16 we were additio ally able to identify certain features beyond the JM-lil shake-up satellites, multiplet splittings, and the s-d mixin, Here we extend these measurements to Al and Ga cluster Bulk Al is one of the metals that can be well describe using a nearly free electron model." However, from diffet ent experimental data, "'19 it is known that small alumin ium clusters show deviations from the predictions of the JM. In small clusters, the 3s and 3p bands do not overlap and form separate subsets of electronic states. This lack 01 overlap of s and p electrons may be responsible for the deviation from the jellium behavior. With increasing cluster size, a transition into a jellium behavior is expected when the two bands merge.
Here we present a study of Al clusters with a significantly improved resolution and statistics" revealing many previously2 '-23 undetected features in the spectra. Furthermore, we compare the data to Ga cluster spectra since some of the atomic properties prevail in the formation of the solid state. The comparison of two different elements of the same group of the Periodic Table is very useful for the identification of specific trends in the data. The merging of the s and p valence bands, in particular, is different for the two metals because the 4s band of Ga is shifted to higher binding energies compared with the Al 3s band.
The data are compared with the results of available calculations. For small clusters (n < 5), features can be assigned to o and r molecular orbitals. However, with increasing cluster size, the assignment becomes more difficult, and for clusters with more than n = 13 atoms, only qualitative differences between the Al and Ga data can be discussed. We hope that this work stimulates the development of new theoretical methods to understand the geometric and electronic structure of these nanoparticles.
II. EXPERIMENTAL SETUP
The experimental setup is described in detail elsewhere.*' The cluster anions are generated using a pulsed arc cluster ion source (PACIS).24725 There are two modifications of the source-one for solid metals and one for metals with low melting points. Al clusters are generated by an electric arc burning between two Al electrodes. The discharge capacitor is 30 yF charged up to 1000 V. The extender (diameter 3 mm) has a length of 5 cm with an 8 cm long conical nozzle. For the generation of clusters of liquid metals, two MO electrodes are mounted vertically and the liquid is filled into a hole drilled into the tip of the lower electrode. A weak discharge from a small capacitor (0.5 pF) generates sufficient amounts of Ga cluster anions. The same conical nozzle was used as for Al, without an extender.
ever, the determination of relative peak positions comparing two different clusters is more accurate ( ~20-50 meV) due to the short time intervals (z 10 min) between those measurements.
Ill. BASIC MODELS
Two different pictures are used for the interpretation of photoelectron spectra of anions. In the quantum mechanical model, each peak is assigned to a transition from the anion electronic ground state to either the neutral ground state or one of the excited states of the neutral cluster. The detachment process is very fast compared with the vibrational motion, so that the geometry of the cluster remains unchanged. Thus, the spectra contain information about the electronic states of the neutral cluster with the nuclei arranged in the ground state geometry of the anion. The internal temperature of the anions is generally unknown. From a line shape analysis of known transitions in photoelectron spectra of Cu; clusters,*' we estimate the temperature to be comparable to the laser vaporization source [TvibNN 165 K (Ref. 26) ]. The mass spectra exhibit impurities (oxides, hydroxides, carbides, etc. ) , which in some cases interfere with the mass of a bare cluster due to the limited mass resolution. These interfering masses might cause the appearance of additional features in the photoelectron spectra. Impurity features can be identified by a variation of the intensity of the corresponding spectral features compared with the features assigned to the bare cluster, while changing the timing of the detachment laser slightly. However, this method is only applicable if the masses differ. Also, the intensity of the impurity lines may vary with time. We have minimized impurities by using only Al, MO, and high quality ceramics for the design of the source and high purity He as seeding gas.
The supersonic beam containing helium, neutral, positive, and negative metal clusters passes the skimmer. The anions are accelerated using a high voltage pulse in the acceleration region of a Wiley-McLaren time-of-flight mass spectrometer. The anions are deflected by 90" into the electron spectrometer. The deflection avoids the perturbation of the electron spectrometer by the neutral cluster beam and by the flash of W light produced during the discharge. A bunch of anions of defined size is irradiated by a W laser pulse (N,-3.68 eV, KrF-5.0 eV). For studies of clusters with low electron affinities, visible light from a dye laser is also used. The kinetic energy of the detached electrons is measured using a magnetic bottle type time-of-flight electron spectrometer. The energy resolution depends on the velocity of the electrons and of the anions and varies between 20-200 meV. For KrF, a background due to electrons emitted from surfaces is subtracted from the spectra.
In general, the electron affinity, defined as the binding energy of an additional electron to the neutral particle, cannot be measured using a photodetachment experiment. Only in cases where the vibrational fine structure can be resolved in the spectra and the 0 + 0 transition can be identified is the measurement of the electron affinity possible.*' Otherwise, only the vertical ionization potential of the anion [VDE (Ref. 28) ="vertical electron detachment energy"] can be determined. The transitions involved and the energetic differences between the electron affinity and the ionization potential of the anion will be discussed in detail (see below).
We assume that the anions are generated in the electronic ground state. The appearance of electronically excited anions in the beam gives rise to additional features in the spectra. In particular, transitions from excited states into the neutral ground state may create new peaks at lower BE than any transition from the cold anions. The lifetime of the excited anion state must be long enough to survive the time of flight to the electron spectrometer. In addition, the excited anion must survive the cooling by the carrier gas. Only in the spectra of the small clusters (see below) there were indications for the existence of electronically excited species in the anion beam.
In laser spectroscopy experiments29 (e.g., depletion spectroscopy, two photon spectroscopy), only excited states of the neutral species, which can be populated by dipole allowed transitions, can be observed. In photoelectron spectroscopy, the emitted electron carries a certain angular momentum, and a much larger variety of neutral states can be studied because the electron can compensate the angular momentum balance. Photoelectron transitions are governed by two rules ( 1) the total spin can change only by l/2, corresponding to the removal of one electron; and (2) the geometry remains unchanged, i.e., each feature exhibits a Franck-Condon profile. The uncertainty in the absolute binding energy (BE) of the spectra is *O. 1 eV. The binding energy scale is calibrated using known electron affinities and transitions of various atoms. The relatively large error compared to the energy resolution arises from time dependent changes of the work function of various surfaces within the spectrometer altering the electron kinetic energies slightly. HowThe other picture used in comparison with shell models takes each peak as an indication of electrons detached from a certain one particle orbital within the cluster. The difference between the photon energy and the kinetic energy of the electrons yields directly the binding energy (BE) of each occupied electronic orbital of the anion. This simple model neglects shake-up processes and multiplet splittings. However, contrary to our previous observations on Cu; and Ag; clusters,'5"6 we found no experimental evidence for shake-up features or multiplet splittings for the Al and Ga data presented here. Using this simple model, assignments of the peaks are given corresponding to single electron orbitals, while in the exact quantum chemical model, peaks in the spectra are assigned to transitions between many body electronic states.
The second picture is also useful if quantum chemical calculations are available only for the neutral ground state. If the binding energies of the corresponding single particle orbitals of the many body ground state are known, peaks in the PE spectra can be assigned to direct emission from these orbitals. Again, this is a crude approximation, since relaxation processes, multiplet splittings, and shake-up processes are neglected. However, most of the available calculations are restricted to the neutral ground states (and sometimes the anion ground state) and thus we use this picture for the assignment of the spectra of the small Al and Ga clusters.
The basic concept of the electronic shell model or jellium model'2-'4 (JM) has been discussed above. Any shell model can be applied if a similar symmetry and ordering of shells or orbitals is observed for different species (atoms, nuclei, and clusters) and only the uppermost shell changes while varying the size of the particle (number of protons, baryons, and atoms). Thus, the features in the PE spectra observed for one cluster must be reproduced in the next larger cluster shifted to slightly higher BE due to the increased positive charge of the jellium potential. Using the simple model for the assignment of PE features beyond each shell closing, a new feature should appear at low BE. For nonspherical clusters (ellipsoidal JM3'), the degeneracies within each shell are partially lifted. Nevertheless, because of spin pairing for every two additional electrons, an additional feature appears. We use these fundamental considerations for testing the validity of a shell model for small Al and Ga clusters.
As mentioned above, features in photoelectron spectra of Cu; clusters'5"6 up to n= 19 can be assigned to jellium electronic shells of the delocalized s electrons. However, with an increasing number of delocalized electrons per atom (groups II and III of the Periodic Table) , the jellium approach is expected to be less valid3' and we expect substantial deviations from a jellium behavior for small Al clusters. With increasing cluster size, the overlap between the atomic wave functions increases approaching gradually a more jellium-like behavior. The electronic density of states of bulk Al can be well described using a jellium approach." Upton3' has suggested corrections of the JM including the modulations introduced by the higher charge of the ionic core. Exact quantum chemical states projected onto jellium wave functions have shown that the orbital filling sequence of the JM is altered for Al,-Al;. Introducing corrections which modulate the flat bottom of the jellium potential, the jellium states can be modified towards the quantum chemical exact states. The alteration of the orbital filling sequence depends strongly on the details of the modulation, and an unambigous assignment based on the results of the corrected JM alone is difficult.
IV. RESULTS
In this section, we present the spectra and discuss experimental details. Our data agree well with previous measurements,21-23 but due to the improved energy resolution, many more spectral features are resolved.
A. AIi/Gai
We were not able to record a spectrum of Al,, as the intensity of Al, generated by the source was not sufficient. The electron affinity of Al is 0.441 f 0.01 eV.32 For Gal, the electron affinity is known to be 0.3 *to.15 eV.32 In contrast to Al, the Ga anion is generated by the source at sufficient intensity to record a photoelectron spectrum. Figure 1 displays a PE spectrum of Gay using 3.68 eV UV light. Only one feature at 0.4*0.2 eV BE is observed. The poor energy resolution for this peak is due to the relatively high kinetic energy of the electrons (3.38 eV), the Doppler broadening caused by the relative high remaining velocity of the monomer, and the doublet structure [spin-orbit splitting ~0.1 eV (Ref. 33)] of this peak. For larger clusters, the Doppler broadening decreases due to the lower velocity corresponding to the same kinetic energy.
6. Alg/Ga,- Figure 2 displays photoelectron spectra of Al; and Ga; clusters with n =2-6. Each cluster is studied using two different photon energies hv=3.68 and 5.0 eV. One reason for changing the photon energy is to lower the kinetic energy of the detached electrons to obtain the maximum energy resolution of the spectrometer. This is demonstrated for peak B located at 3.4 eV BE in the spectrum Fig. 2 (m) ], its intensity relative to feature A is lower than in the spectrum taken at 3.68 eV [ Fig. 2(b) ]. Similar behavior of different peaks suggests similar symmetries and might help in the assignment of the electronic states. Another possible reason for a variation in the photodetachment cross section with photon energy is a resonance with a metastable ion state. This can be studied in detail using tunable light sources.
The spectrum of Al, taken at 3.68 eV photon energy [ Fig. 2(a) ] exhibits four features. While the prominent peaks A and B show a stable relative intensity, features X and Y vary in intensity relative to A depending on the expansion conditions of the source. Al, is generated in the source at a very low intensity. The source must be adjusted to low expansion conditions to optimize the dimer intensity. Under these conditions, the cooling of the anions might not be optimal, and impurities show up in the mass spectrum with enhanced intensity. Thus, features X and Y might be due to impurities. However, it was not possible to record a spectrum at 3.68 eV with zero intensity of feature X. Another possible explanation of the appearance of these peaks is the existence of a long lived excited state of Al,. Then feature X corresponds to the transition from the excited state of Al, to the neutral ground state. Peak A exhibits no vibrational structure even if the spectrum is recorded using green light with 2.33 eV photon energy [ Fig. 3 (a) ]. Feature B displays a well-resolved vibrational progression with 55*5 meV spacing [ Fig. 2(a) ].
The spectrum of Al, taken at hv= 5.0 eV [ Fig. 2 (l)] exhibits two peaks (A and B) . Features X and Y might not be observed in this case because of the smaller count rate in this spectrum and because of cross section effects.
The spectrum of Gaz taken at hv= 3.68 eV [ Fig. 2 (f)] displays a single peak (A) located at 1.6 eV BE. At higher photon energy [ Fig. 2(q) ], a second transition (B) at 4.2 eV BE is observed. No clear indication of a vibrational structure could be found for either feature and no additional peaks are observed. This might be due to the different version of the PACIS used for liquid metals. The average anion intensity of Ga clusters is much higher than for Al and nearly no impurities are observed in the mass spectrum. This supports the assignment of features X and Y to impurities in the spectrum of Al, [ Fig. 2(a) ]. However, we still cannot exclude the possible assignment of these features to the existence of excited states of Aly because the corresponding excited states of Gal should be higher in energy and might therefore be less populated in the beam. exhibits four features marked A, B, X, and Y. As in the case of Al,, we assign peaks X and Y to impurities or excited anions, and these features will be neglected in the following discussion. The narrow peak at 1.9 eV BE (marked A) has also been studied using visible light with hv=2.33 eV [Fig. 3(b) ]. The observed linewidth is limited by the instrumental resolution to approximately 30 meV. From a zero electron kinetic energy spectroscopy (ZEKES)35 experiment on Al,, a linewidth of transition A of 15 meV has been determined.36 Even at the high energy resolution available using ZEKES, no vibrational structure could be resolved. The residual broadening is probably due to the excitation of low energy vibrational modes. The relative intensity of feature B is lower with respect to A in the spectrum taken at hv=5.0 eV. The spectrum of Al, taken at hv= 5.0 eV [Figs. 2 (m) and (4)] possibly exhibits an additional feature C at 4.4 eV BE.
As in the case of the dimers, the Gar spectra [Figs. 2(g) and 2(r)] are similar to the spectra of Al,. There is a narrow feature (A) at 1.95 eV BE and a broader peak (B) (Gay taken at hv=3.68 eV), this peak at 2.7 eV BE is close to the noise level. In contrast to Al,, the intensity ratio between the two main features A and B in the spectrum of GaF does not change drastically with the change of the photon energy.
D. AIi/Gai
Features with varying relative intensities similar to the peaks labeled X and Y in the spectra of the dimers and trimers are not observed in the photoelectron spectra of Al;/Ga; with n > 3. Therefore, all observed peaks are assigned to the bare cluster anions. Clusters larger than the trimers are generated by the source at a higher intensity, and the spectra of the larger clusters exhibit an improved signal to noise ratio.
The three features A, B, and C in Fig. 2 (c) (hv=3.68 eV) are less well resolved than in the measurement at hv =5.0 eV [Fig. 2(n) ]. This behavior is surprising because the energy resolution of the spectrometer is enhanced due to the lower kinetic energy of the electrons corresponding to the same transitions at lower photon energy. In addition, the tail observed at the low BE side of peak A has a higher intensity in the 3.68 eV spectrum. These observations might be explained by temperature effects. The source is usually adjusted to a maximum anion signal for each cluster size. Depending on the parameters of the source (seeding gas pressure and timing), the effectivity of the vibrational cooling varies between different measurements. If during the measurement using hv=3.68 eV the source had run at less effective cooling conditions, the vibrational temperature of the anions would be higher. The peaks would then be broadened and hot band transitions may cause the appearance of an exponential tail at the low BE side of the ground state transition.
The tail at low BE observed for Al, taken at hv= 3.68 eV [Fig. 2(c) ] exhibits a width of about 0.5 eV, which corresponds to an extremely high vibrational temperature if the feature is caused by hot band vibrational transitions. Also, the shape deviates from the typical exponential shape of a hot band progression, These tails and a nonstructured smooth photoemission signal at higher BE are observed in several photoelectron spectra of cluster anions (Ag; and Cu,). 15*37 A possible explanation is the appearance of an increasing number of different isomers in the beam at finite vibrational temperatures. The BE of a certain transition in the PE spectrum depends strongly on the geometry (see below). If the spectrum consists of contributions from several isomers different from the ground state geometry, this may cause a nonstructured smooth photoemission signal starting at a BE corresponding to the isomer with the lowest VDE. As long as at lower internal temperature the ground state isomer is still predominant in the beam, a structured photoelectron spectrum can be superimposed to give the featureless sum of spectra of different isomers. These considerations can be verified by calculations using simulated annealing.' All features correspond to photodetachment from 4p derived orbitals of Ga. In contrast to Al for Ga; up to n= 11, a distinct gap between the feature at highest BE and the limit of the experimental range (4.5 eV) is observed, indicating a clear separation of the 4s and 4p bands.
The spectrum of Al, obtained with hv= 5.0 eV [Figs. 2(n) and 41 displays two prominent broad peaks at 2.5 eV (A, B, and C) and 3.5 eV (D) BE. The feature at 2.5 eV BE exhibits a splitting into three components marked A, B, and C. Peak C is only visible as a shoulder located at the high BE side of feature B. The spectrum of Al; taken at hv=3.68 eV [Fig. 2(c) ] displays the same features with peak D cut off at 3.4 eV BE due to the reduced transmission of the spectrometer for low energy electrons. The relative intensities of the three components A, B, and C are altered slightly. At hv=5.0 eV, peak B has a lower intensity with respect to peak A.
We should like to point out here that the difference between the VDE of the isomer with the lowest VDE compared with the VDE of the ground state isomer does not correspond to the difference in total energy of the two isomers. If one single particle orbital is lowered in BE by a change of the geometry, others may be shifted to higher BE. Thus, even if an isomer has a 1 eV lower VDE, the appearance of this isomer in the beam may be due to a much lower thermal excitation energy. This can be demonstrated using the calculations of Al, single particle orbitals displayed schematically in Fig. 6 . Only the 3p derived orbitals are displayed in Fig. 6 . The linear isomer of neutral Al3 (three 3p electrons) exhibits a low VDE due to the single electron occupying the In, orbital. However, the total BE of the linear isomer is relatively high due to the gain of stability corresponding to the increased BE of the two electrons occupying the 2cr, orbital (for a detailed discussion s.b.). Thus we are able to explain the appear- ante of tails exhibiting widths of more than 1 eV in spectra of supersonic cooled anions assuming the existence of low energy isomers. According to quantum chemical calculations,'-" the existence of such isomers differing in energy by only a small amount from the ground state is well established. The spectrum of Gar obtained with hv=5.0 eV [Figs. 2(s) and 51 displays two prominent features similar to Al;. However, the feature at lower BE exhibits a substructure corresponding to two components (A and C) only. Peak D is located at about 0.5 eV higher BE in comparison with the corresponding feature D in the spectrum of Al;. At hv= 5.0 eV, the relative intensity of peak C [ Fig. 2(s) ] has decreased relative to the spectrum at hv= 3.68 eV [Fig. 2091.
E. AI,y/Ga;, n>4
The spectra of Al, and Ga, [Figs. 2(o) and 2(t)] exhibit some similarity to those of the tetramers concerning the number and arrangement of the main features. Again a change of the relative detachment cross section with photon energy is observed for Al, [Feature B of Figs. 2(d) and 2(o)]. The spectra of the larger clusters exhibit an increasing number of peaks according to the increasing number of single electron orbitals (Figs. 4 and 5) . The VDE increases gradually and the information obtained from measurements using 3.68 eV photons is limited to the determination of the VDE (s.b.). Thus, a comparison between spectra taken at hv=3.68 and 5.0 eV seems to be useful only up to n=6 (Fig. 2) .
Starting from n = 8, the spectra of Al; exhibit an increasing number of peaks (Fig. 4) . For n=8, 10, and 11, a strong electron signal is found for all binding energies above the VDE up to the limit of the experimental range. The spectra become simpler again around n = 13. The spectra of Al,-Al, are dominated by a broad peak (marked A) at 3.7-4.0 eV BE. Except for Al;, this prominent peak is accompanied by one or two additional structures at lower BE (marked B and C). Measurements using ArF laser radiation (hv=6.424 eV) confirm the observation of this pattern3* Up to 6.0 eV BE, no further peaks are found beyond the limit of the experimental range of Fig. 4 ( =4.5 eV BE). Therefore, within the range of binding energies corresponding to the Al 3p band, the spectra of Al,Al, are dominated by a single broad peak accompanied by smaller structures except for Alfi, where only the main feature is observed.
The pattern observed in the spectra of the larger Ga; clusters is slightly different (Fig. 5) . In the size range n=6-11, the Ga; spectra exhibit qualitative differences from the corresponding Al; data. The spectra of Gag, Ga$ and Gajj are less complex than the Al data and the bandwidth of the range of observed transitions is smaller. An exception to this behavior is Ga, , which resembles the spectrum of Al,. The spectra of Ga, do not exhibit the striking pattern observed for the Al clusters at n= 12-15. In contrast to Al,, the spectrum of Gal3 displays a double peak, indicating a lower symmetry compared with Al,. However, the bandwidth of the group of features observed within our experimental range exhibits a local minimum for Gafi (e.g., compared with GaG and Gafi), indicating a higher degree of degeneracy of the electronic states.
By comparison with the Al spectra, some indications for the existence of the pattern observed in the size range n = 12-15 for Al can be found in the Ga spectra also. If one assumes that for Ga clusters the corresponding feature exhibits a split structure, a pattern similar to the Al spectra can be identified for Gal,-Gag.
The feature (Fig. 5 , marked A) corresponding to the main peak in the Al spectra exhibits a splitting into two (Gal2 and Ga,) or even three peaks (Gals). Then the analogous assignment can be made for Ga as for Al.
From the considerations discussed above, the spectra of the cluster anions can be divided into three size regimes:
The spectra are dominated by one to three features grouped into a narrow BE range, which increases with increasing cluster size. The spectra of Al and Ga clusters are very similar except for the features at higher BEs. A pronounced dependence of the cross section on the photon energy is observed for certain features.
n=&ll
The spectra of the Al clusters exhibit an increasing complexity with a high density of states covering a broad range of binding energies. There are qualitative differences between the Al and Ga spectra, with the Ga spectra being less complex and exhibiting a smaller bandwidth of the 4p band.
n= 12-15
The spectra of Al clusters are dominated by a single broad feature which is accompanied by one or two smaller peaks. For AIG, only the single feature is observed. The spectra of the Ga cluster exhibit the same pattern, if we assume for Ga a splitting of the broad feature observed for Al into two or three components.
In the following section, we discuss the data in terms of different models and try to find explanations for the trends and patterns revealed by the photoelectron spectra.
V. DISCUSSION
From molecular orbital considerations, the observation is easy to understand-the three features A, B, and C at low BE in the spectra of Al, and Al, [Figs. 2(n) and 2 (o)] are assigned to photodetachment from o and 7~ orbitals of the 3p band. Al, has five and Al, has six electrons occupying 3p derived orbitals. Thus, due to the spin degeneracy, no additional feature is expected to appear in the spectrum of Al,. The other two additional electrons of Al, occupy an additional 3s derived molecular orbital at high BE beyond the present range of our experiment. From these considerations, we assume that as long as the two bands 3p and 3s do not merge, the JM is unlikely to be valid.
We compare the data to the predictions of two different theoretical approaches for the electronic and geometric structure of metal clusters. The jellium model is very successful for the explanation of the electronic shell structure and the ablate-prolate deformation observed for monovalent clusters.14'16 A more elaborate approach is based on quantum chemical calculations, '-" with the electronic ground state energy being calculated while varying the geometric structure. The global minimum of the total energy corresponds to the ground state structure.
A. The jellium model
The jellium model (JM) is very successful interpreting the photoelectron data of monovalent metal clusters (e.g., Cu-and Na;).'6*39 The predicted shell closings at S,l"s,ZO,... electrons are clearly observed, manifesting themselves in various properties of the clusters.'4 Those clusters exhibit a pronounced even-odd alternation, which can be explained by the JM assuming ellipsoidal distortions of the clusters.30
The two bands merge into the bulk valence band, so that hybridization of the bands should be observable at some cluster size. The exact size at which this occurs is still a matter of discussion in the literature. From electrostatic polarizability measurements,'* a nonjellium/jellium transition is found for Al, at n~40. The photoelectron data of Taylor et aL21 suggest a mixing starting at n z 30. From the discussion of our spectra based on quantum chemical calculations (see below), we find indications for an onset of hybridization between antibonding 3s and bonding 3p orbitals for n > 8. Indeed, starting from n = 12, the photoelectron spectra of the Al clusters exhibit a much simplified pattern which might correspond to the development of a shell structure. However, there is evidence for the existence of a pronounced gap between the 3s and 3p bands even for n = 20.=*3* Further measurements using higher photon energy extended to larger cluster sizes are needed to test the validity of the JM and to establish the cluster size for which the two bands start to overlap.
Clusters of group III elements (B, Al, Ga, In, and Tl) do not exhibit marked shell closings because each atom adds three electrons to the cluster. Only for a few cases, the number of electrons matches a shell closing. This is the case for Al, and Gal3 with 40 valence electrons. The photoelectron spectrum of Al, (Fig. 4) exhibits a relatively high VDE (s.b. ) and only a single broad feature within the energy range measured. The spectrum of Gafi (Fig. 5) is similar [except for the fine structure of the single peak (s.b.)]. This observation of a pronounced shell closing corresponding to 40 electrons and the free electron behavior of bulk Al (Ref. 17) justify an attempt to apply the ellisoidal JM interpreting the spectra.
However, the spectra of the small clusters (Al,, n < 12) do not reflect the behavior predicted by a shell model. As an example, we compare the spectra of Al: and Al, with the predictions of the JM. The JM configuration of the 13 electron cluster Ale is 1?lp61ds. According to the JM, Al, should possess eight electrons occupying the Id shell. If the cluster is not spherical, four features corresponding to the occupied Id subshells should appear in the spectrum of Al, at the lowest BE. This behavior is indeed observed for CUE.'~ However, the spectrum of Al, exhibits the same number of peaks as Al; (Fig. 2) located at about the same BE, even though Al, has three additional valence electrons.
One approach2P3' introduces a modulation of the flat jellium potential which can be treated as a perturbation. This modulation corresponds to the relatively high charge of the ionic cores. The perturbation causes a reordering of the single particle states that are degenerate in angular momentum eigenstates if the perturbation is zero. Including this correction, the JM should be able to describe the separation of the single particle states into the 3s and 3p bands in small Al clusters. With increasing cluster size, the two bands merge corresponding to a decrease of the perturbation. However, the results of this perturbated JM depend on the exact positions of the ionic cores within the cluster. Due to the lack of detailed calculations based on this approach, we cannot compare our data with this model.
Quantum chemical calculations
A clear assignment of the features is only possible by comparison with quantitative calculations (see, e.g., Ref. 9). Our discussions here, however, will be limited to qualitative comparisons. Nevertheless, a simple picture of the changes in the electronic and geometric structures in these small Al and Ga clusters will emerge from these considerations.
Alf'/Gal
Al, could not be generated using the PACIS, therefore only the spectrum of Gar could be obtained as shown in Fig. 1 . The electron affinity of Gal extracted from Fig.  1 is 0.45 f 0.2 eV. The large error is due to the relatively high kinetic energy of the electrons. The value agrees within the limits of uncertainty with the literature value (0.3kO.15 eV).32
Both neutral atoms have two s and a single p electron in the outer 3 (4)s and 3 (4)~ shells (values given in parentheses correspond to Ga). Therefore, the neutral ground state is in both cases a doublet *P1,2,3/2. The spin-orbit splitting of the Ga ground state is 0.10 eV (Ref. 33) and cannot be resolved in our spectrum. The first excited state of the neutral Ga is a 4p-5s excitation into a *S state at 3.07 eV with respect to the neutral ground state.33 This would correspond to a shake-up feature at 3.37 eV BE and is not observable in our spectrum. Electrons from the 3(4)s orbitals of the atoms cannot be detached with even the highest applied photon energy (5.0 eV) in this experiment.
The first excited state (*S) corresponding to a 3s-+3p exitation in neutral Al is at 6.416 eV excitation energy.33 For Ga, the same excitation requires 7.70 eV,33 i.e., a feature corresponding to emission from the 4s orbital in Gal should appear first at 7.73 eV BE, far out of the present range of our experiment. Detachment of a 3(4)s electron of Ali (Gal) corresponds to a transition into excited states of the neutral (occupation sp2) with two electrons in the 3( 4)p orbital. The two electrons can combine to different spin and angular momentum states and would show up as a multiplet in the PES.
Important for the understanding of systematic shifts observed in the cluster PES is the difference of the 3s-4~ BEs between Al and Ga." The BEs of the 3(4)p orbitals of the two different atoms are similar which can be seen from a comparison of the electron affinities of the atoms-about 0.441 eV (Ref. 32) for Al, and 0.3 eV (Ref. 32) for Gai . Applying the simple model for interpretation of the PES discussed above, we assume that the difference between the photon energy and kinetic energy of electrons detached from the corresponding orbital is equal to the BE of the orbital. Especially, the BE of the outermost orbital of the anion is equal to the electron affinity of the cluster. The 3s orbital of Al, has a BE of 6.42 eV, while the corresponding 4s orbital in Ga, is shifted by 1.31 eV towards higher BE ( = 7.73 eV). This qualitative difference enables us to identify peaks belonging to the 3(4)s derived electronic states in PES of the cluster if the s and p bands are well separated.
A/;/Ga;
In the Al dimer anion, the 3s orbitals of the atoms combine to u and dc orbitals filled with four electrons. Because bonding and antibonding orbitals are both filled, the 3s states contribute only weakly to the bonding. The 3p orbitals combine to two (T and four r orbitals. For the neutral Al dimer, it is known that the 311,(~g7r,) and "2; (d) states are nearly degenerate, i.e., relatively little energy is required for og--+rU transfers.' Al, has three electrons in the 3p derived orbital which give rise to doublet or quartet states. The anion ground state is the quartet state corresponding to the three electrons distributed into the three bonding orbitals (~~2~) with parallel spins (48g ) .9 Detachment of one of these electrons corresponds to a transition into one of the nearly degenerate ground states of the neutral dimer. ' The neutral dimer has two 3p electrons, which can combine to singlet or triplet states. Only the triplet states can be populated by photodetachment from a quartet state. According to recent experiments,40 the ground state of the neutral dimer is 311,(aar,>, with the 3Xg (2,) state less than 25 meV higher in energy. We assign peak A [Figs. 2(a) , 2(l), and 3(a)] to the transition from the anion quartet state to the two triplet states of the neutral. Peak A exhibits a width of approximately 180 meV [ Fig. 3 (a) ]. The Franck-Condon broadening due to the removal of one bonding electron is too large to enable us to resolve the different triplet states. In addition, the two nearly degenerate states may cause a complex vibrational structure. This might explain why we were not successful in resolving any vibrational structure for feature A [ Fig. 3 (a) ]. From the spectrum, we determine the VDE to be 1.6AO.l eV.
Feature B in the spectrum of Al, at 3.3 eV BE corresponds to a transition into an excited state of the neutral dimer. In the single particle picture, transitions into excited states correspond to the detachment of an electron from deeper orbitals. The 3s level of the Al atom is located at 6.42 eV higher BE with respect to the 3p orbital. In the dimer, the corresponding 0 orbital splits into a bonding and an antibonding orbital. Removal of an electron from the antibonding dr will increase the bond strength by enhancing the bond order formally by 0.5. The detachment of an electron from the ti orbital of Al; corresponds to a transition into an excited state of the neutral with one electron promoted from the antibonding 3s dr orbital into a bonding 3p rr orbital. Thus, the bond order is increased by 1 compared with the neutral ground state. The relatively high vibrational frequency (55 f 5 meV z450 f 40 cm-') experimentally observed for peak B pig. 2(a)], which is much higher than the ground state frequencies of both the anion"" ( ~3330 cm-') and the neutra19?" dimer (~350 cm-') is in agreement with these considerations. In addition, these considerations agree well with the prediction' of a vibrational frequency of 435 cm-' for the 5 =u( pu g u -2 u 2) state of the neutral dimer. Therefore, we assign feature B to the detachment of an electron from the antibonding dr orbital of the 3s band corresponding to a transition from the anion ground state into the 5X, excited state of the neutral. The equilibrium bond length changes due to the detachment which explains the broad FranckCondon progression observed for this feature.
At low kinetic energies (as in our case), the single particle picture might fail and shake-up processes involving more than one electron lead to transitions into a larger variety of states. One possible shake-up process is the simultaneous excitation of one of the electrons occupying the bonding 3p orbitals (a,~) into an antibonding orbital (dr,fl).
However, the relatively high vibrational frequency observed experimentally does not agree with this assumption of a transition into an antibonding orbital. The strength of the bonding in the neutral dimer would be lowered, corresponding to a lower vibrational frequency compared with the ground state.
Ga, should exhibit similar transitions in the spectrum. Feature A [Figs. 2(f) and 2(q)] is assigned to the transition into the two nonresolved triplet ground states of neutral Ga2. The VDE is 1.6&O. 1 eV and similar to Al,. In contrast to the corresponding peak B of Al, [ Fig. 2(a) ], feature B displays no resolved vibrational structure. The experimental energy resolution for electrons corresponding to feature B is about 35 meV, which therefore is an upper limit of the vibrational frequency of this excited state of the neutral dimer. Feature B is located at about 1 eV higher BE than the corresponding peak of Al,. The BE ditIerence between 3( 4)s and 3(4)p for the atoms33 is increased by 1.28 eV for Ga. If we assume similar differences of the BEs for the 3s derived states in the clusters, this is in reasonable agreement with the observed binding energy difference between feature B of Ga, and feature B of Al,. It is strong support of the assignment of these two peaks to detachment from the antibonding 3(4)s dr orbital. The assignment also agrees with the results of calculations' on Gaz and neutral Ga2. For the larger clusters, the difference in BE for 3s(4s) derived orbitals between Al and Ga spectra will be used as an indication of the assignment of certain features as parts of the 3s band. lu;2u'* is predicted. Quartet states are neglected in this discussion due to the photodetachment selection rules corresponding to detachment from a singlet state. It should be mentioned that the results of the calculations vary, depending on the methods and levels of sophistication, with respect to the order of the levels and the dependence of the BEs on the geometry. However, concerning the neutral and anion ground states, the qualitative agreement with the results displayed in Fig. 6 is remarkable.
Peaks A and B (0.21 ho.03 eV splitting) in the spectrum of Al, are assigned to transitions from the 'A, state into the 2A1 state and the *B2 [Refs. 9 and 10 (*B1)] state of Al,, respectively [0.22 (Ref. 5) or 0.32 eV (Refs. 9 and 10) predicted splitting]. The difference in BE between the two features coincides well with the calculated difference between the two lowest doublet states of the trimer. Thus, the two peaks correspond to detachment of an electron either from the la: or the 2~' orbital. The la; orbital is a rr bonding orbital normal to the molecular plane. The 2~' orbital has dominant (J character. Analogous to the dimer, the spectrum of 3p derived features consists of two close lying features with (T and S-symmetries. Because both states of the neutral trimer exhibit about the same geometry as the anion (equilateral triangle), both features should be very narrow if the bond lengths are not altered. However, only the detachment of an electron from the outermost orbital (2~' according to Ref. 5) does not influence the geometry &rongly {feature A [ Fig. 3 (b) ]} Peak B [ Fig.  2(b) ] exhibits a broadening due to a substantial geometry change.
3. AlglGa, There are various calculations and experiments concerning the nature of the neutral ground state of A13, the low lying excited electronic states, and the geometry (see, e.g., Ref. 9 and references therein). The main facts can be explained using Fig. 6 , which has been taken from Ref. 5 . In this schematic Walsh-Mulliken diagram, the BEs of the single particle molecular orbitals corresponding to the 3p levels of the three atoms are plotted as a function of the bond angle in the triangular molecule ( 18O"=linear). The influence of the 3s electrons has been neglected.
Feature C in the spectrum of Al, taken at hv=5.0 [ Fig. 2(m) ] is assigned to detachment from the antibonding orbital of the 3s band. This assignment is supported by the spectrum of GaF Fig. 2(r) ]. It exhibits nearly the same features as the spectrum of Al, with the same assignments. However, we expect that all orbitals derived from the 4s band exhibit an about 1 eV higher BE. Thus, the feature corresponding to C of Al, is missing in Fig.  2 (r) because its BE is probably beyond the present range of our experiment.
According to Fig. 6 , the equilibrium geometry of the cluster changes depending on the number of 3p electrons (Al?, A13, and Al,). The change in total energy is reflected by the change in the single particle energies of the valence electrons. Accordingly, the ground state of Al$ is linear with both 3p electrons occupying the 2a, orbital which is the minimum energy possible for an occupation of two electrons in Fig. 6 . On the other hand, both neutral Al3 and Al< have ground states with equilateral triangular geometry. Two electrons occupy the lag orbital and one or two occupy the 2~' orbital, respectively. The ground state of the anion is a singlet 'At state (1&'*,2a'*). The ground state of the neutral Al, is *A1 with an occupation of lu$*2u'. At about 0.22 eV [Op.32 eV (Ref. 9 )] higher energy, the existence of a *B2 state with the occupation The relative intensity of peak B in the spectrum of Al, varies with photon energy. At higher photon energy, the intensity ratio between peak B and the dominant feature A decreases. This can be explained by a cross section effect. Peak B is assigned to a transition from the anion ground state ' Al to the first excited state *B, of neutral Al,. The electron is detached from a r-like orbital. For atoms, the detachment cross section of electrons occupying p orbitals rises to a maximum within a few millielectron volts above threshold, while the cross section for detachment from s and d orbitals increases more gradually with photon energy.34 Thus, a few electron volts above threshold, the relative intensities of features corresponding to detachment from s and d orbitals is still increasing with photon energy, while the cross section for detachment from p orbitals remains about constant. This observed variation of the relative cross sections of the two features corresponding to detachment from the la; and 2~' orbitals is in agreement with their supposedly dominant p and s character. corresponds to a square. With increasing angle, the square is deformed into a rhombus. All orbitals belonging to the 4s band of Ga, are shifted to higher BE compared with Al,,. According to these calculations, the ground state of Al, is rhombic (angle= 1 lo"), while Gad is a perfect square. The orbitals shown are occupied by 11 electrons in the case of the anions.
The cross section variation is less pronounced for Ga. The observed changes of relative peak intensities are small for Ga,-Ga, in comparison with the corresponding Al cluster data. The two atoms Al and Ga differ by the size and number of nodes of the radial wave functions of the atomic valence orbitals. The photon energy dependence of detachment cross sections might therefore be shifted in energy even for orbitals of the same symmetry. If the jellium model would be a valid description of the cluster. no large differences of the dependence of the cross sections on the photon energy are expected. Contrary to the atomic wave functions, the jellium wave functions have the same node structure for Al and Ga clusters. For a detailed analysis, a more elaborate experimental study of the photon energy dependence is necessary.
Ali/Gai
Figure 7 displays a Mulliken-Walsh diagram of the single particle orbitals of the neutral tetramers3 of Al and Ga. Most calculations'-3f"8~10 predict a planar geometry for AL. The orbital energies (Fig. 7) are displayed as a function of the angle corresponding to the transition between a square and a rhombic geometry. There are four orbitals originating from combinations of the 3s wave functions of the atoms (the lowest 3s derived orbital is not shown in Fig. 7) and three of the low lying orbitals corresponding to the 3p orbitals of the atoms. For the neutral cluster, the 3s orbitals are fully occupied, while the 3p derived orbitals are occupied by four electrons. As in the case of the dimer, the near degeneracy of the lowest 3p orbitals gives rise to several low lying electronic states with different occupations and spin multiplicities. The existence of several low energy isomers with singlet or triplet ground states has to be considered." With increasing cluster size, the electron-electron interaction'0"6 decreases for delocalized valence electrons and the ground states of the clusters are either singlet or doublet states according to an even or odd total number of electrons in the cluster. According to calculations, Al, clusters with n > 5 have ground states with minimum spin multiplicity. lo
We propose a tentative assignment of the data using the results on the neutral species shown in Fig. 7 . We assume the additional electron occupies the outermost orbital resulting in a doublet state. We neglect any changes in electronic and geometric structures induced by the additional charge. This approximation is partially supported by the photoelectron spectra because the features do not exhibit a strong vibrational broadening, indicating a small geometry change due to neutralization. We also neglect shake-up processes. The cross section for shake-up processes depends on the electron-electron interaction and is expected to decrease with increasing cluster size for delocalized electrons. However, the valence electron density is higher in Al clusters compared with, e.g., Cu (Ref. 16) and shake-up processes might therefore be more likely. Thus, a comparison of the photoelectron spectra with the results of the calculations displayed in Fig. 7 can only be tentative.
In terms of the simplest model used for the assignment of peaks in photoelectron spectra, each occupied orbital corresponds to a feature in the spectrum. With the maximum photon energy used in our experiment (hv= 5 eV), detachment from the uppermost antibonding 3s orbital (2~:) and the three 3p derived orbitals (lb,,, 3ua, and lb,,) can be observed. According to Fig. 7 , the three 3p derived orbitals are close in energy and the level ordering depends strongly on the exact geometry. For a square geometry, the orbital at lowest BE is twofold degenerate and corresponds to n-bonding ( lulu and I&,). The orbital corresponding to (T bonding (3~~) is located very close at somewhat higher BE.
From these considerations, we expect the appearance of three peaks at low BE corresponding to the 3p orbitals and one peak at higher BE corresponding to the antibonding 3s orbital. The 3s feature should appear at about 1 eV higher BE for Gal and should exhibit a relatively large vibrational broadening corresponding to its antibonding character. This is in suprisingly good agreement with the experimental observations [Figs. 2(n) and 2(s)]. Therefore, we assign the three features A, B, and C in the spectrum of Al; [ Fig. 2(n) ] to transitions corresponding to detachment from the three 3p derived orbitals (lb,,, 3ug, and lbi,) displayed in Fig. 7 . Peak D in the spectrum of Al, taken at hv=5.0 eV is assigned to photodetachment from the 3us orbital. The assignments are similar in the case of Gaz. Due to a slightly different geometry of the anions peak A and B observed as a double feature for Al< are degenerate in the spectrum of Ga, {peak A [ Fig. 
2(s)lI.
Upon changing the excitation energy for Al,, we observe an increase of the relative intensity for a feature assigned to emission from a (T orbital. In the case of Al,, peak A exhibits a similar increase relative to B and C [ Figs. 2(c) and 2(n)]. This might suggest the assignment of fea-ture A to the rr orbital (3~~). However, the experimental data are not sufficient for a detailed analysis of the cross section dependence on the photon energy. A possible extension is the study of the cross sections close to the thresholds as demonstrated4' for Si-2 * 6. Al;/Ga;, n=6 and 7 5. AI;/Gag
To our knowledge, there are no data published on the single particle orbital BEs for the valence band orbitals of Al and Ga clusters larger than n=4. There are several calculations on the ground state properties and some low lying excited electronic states for clusters up to ten atoms (see, e.g., Ref. 9 and references therein). However, with increasing cluster size, the comparison of the PE data with calculations of energies of excited states becomes difficult. The number of electronic states depends on the number of valence electrons. The interpretation of the spectra as detachment from certain molecular orbitals reduces the number of states accessible by detachment (see above): For the larger clusters, we can only discuss certain tendencies in the spectra.
In the spectrum of Al; [Figs. 2(e), 2(p) and 41, we assign features A, B, and C to emission from 3p derived orbitals and peak D analogous to the spectrum of Al, to emission from the highest antibonding orbital of the 3s band. This assignment is supported by the spectrum of Ga; [Figs. 2(k) , 2(u) and 51, which exhibits no feature in the binding energy range corresponding to peak D of Al,. This is expected for a feature corresponding to emission from the 3s/4s band as discussed above. However, the spectrum of Gag differs relatively strongly from the spectrum of Al, and therefore the assignment of feature D of Al; is less certain.
For Al,, a transition from planar to 3D structures is predicted' to occur at n = 5. For Al,, two nearly degenerate isomers' have been calculated with a planar and a three dimensional structure. There are some similarities between the spectrum of Al; [ Fig. 2(o) ] and the spectrum of Al, [ Fig. 2(n) ]. In both spectra, three peaks can be assigned to the 3p band (marked A, B, and C). The number of electrons occupying 3p derived orbitals increases from Al, to Al, from 5 to 6. Thus, if the spectra are a direct picture of the occupied orbitals and the symmetry of the orbitals is similar, no large change in the spectra is expected. A halffilled 3p derived orbital of Al, is occupied by two electrons in Al, . Feature D at 4.4 eV BE in Fig. 2 (0) is assigned to the antibonding orbital of the 3s band, as in the case of the tetramer. A corresponding peak is not observed for GaS [ Fig. 2(t) ] according to the about 1 eV higher BE of the 4s derived features in Ga. The corresponding transition would be located at 5.5 eV BE, well beyond the present range of our experiment.
In contrast to the six atom clusters and all larger clusters, the spectra of Al, and Gal (Figs. 4 and 5) are again very similar, indicating a similar electronic and geometric structure. Therefore, we assign the three prominent features (A, B, and C) of Al, to 3p emission and the corresponding peaks of Gal to 4p emission. The weak peak D in the spectrum of Al, might be assigned to emission from the 3s band, but for a definite assignment, measurements at higher photon energy3s would be necessary.
For both Al, and Al,, there is still a similarity in the structure of the photoelectron spectra comparable with Al, and Al, (Fig. 4) . There are three main features assigned to photodetachment from 3p derived states and, located at slightly higher BE, a single feature assigned to 3s emission. If the assignment is correct, the three features corresponding to 3p photoemission correspond to four partially degenerate molecular orbitals occupied by seven or eight electrons. The 3p bandwidth increases smoothly with increasing cluster size from Al, to Al,.
For the neutral Al clusters, a transition from planar structures to 3D geometries starting from n= 5 is predicted.'**' The similarity of the spectra of Ala and Al, might be an indication for a planar or buckled structure of these particles in contrast to the larger clusters that no longer exhibit a similarity to the photoelectron spectra of Al, and Al,.
Al,-/Ga;, n=&ll
The spectrum of Ali is in reasonable agreement with the assumption of a planar geometry of both the anion and the neutral. From the similarity of the photoelectron spectra of Ali and Al,, we tentatively infer a similarity of the electronic and geometric structures. According to this similarity, the ground state geometry of Al, might be planar or close to planar (buckled). Features A, B, and C can be tentatively assigned to three occupied bonding o and P orbitals of the 3p band. Accordingly, the electronic ground state of Al, would be a singlet state.
The spectrum of Ga< [ Fig. 2(t) ] exhibits an analogous similarity to the spectrum of Gai . Two features (A) and (B) are observed at low BEs and are assigned to 4p derived states. As in the case of the tetramers, two peaks observed for Al, [ Fig. 2(o) , marked B and c] are degenerate in the GaF spectrum [ Fig. 2(t) marked B] . Therefore, the geometry of GaF seems to be only slightly different from Al,.
Starting from Al, (Fig. 4) , the spectra exhibit a different pattern compared with the spectra of the smaller Al clusters. A large number of transitions is observed for AlcAl, which are partially overlapping. Based on the experimental data available, it is very difficult to distinguish between 3s and 3p derived electronic states. The spectra of the Ga; clusters of the same size exhibit a pronounced gap corresponding to a low photodetachment signal in the BE range between 4.0 eV and the cutoff of the spectrum at 4.5 eV. We assign this gap to the upper part of the 4s-4~ band gap expected for small Ga clusters. Therefore, for Ga clusters of that size, the two valence bands are still well separated. No such pronounced gap is observed for Al;, Al,, and Al; (Fig. 4) . If the high density of states observed in the spectra of these Al clusters is assigned to emission from the 3p band, the corresponding 3p bandwidth is larger by at least 0.5 eV compared with the 4p bandwidth of the Ga clusters. This is in contrast to the spectra of the smaller clusters which exhibit approximately equal bandwidths of the 3p and 4p bands.
A possible reason for this behavior might be the onset of hybridization of the 3s and 3p bands. In the spectra of the smaller Al; clusters (n < 8), a feature observed at high BE was assigned to the antibonding orbital of the 3s derived states. However, in the case of Al; and Al,, this assignment is rather uncertain. With increasing cluster size, the gap between the two bands is expected to decrease. Thus, if the assignment of feature D in the spectra of Al; and Al, is correct, the difference in BE between the antibonding 3s orbital and the lowest 3p derived states is about 0.5 eV in these clusters. From a comparison of Cu; and Ag, spectra, we found a clear indication of s-d hybridization for Cu, at about 0.5 eV difference in BE.16 From these considerations, an onset of hybridization between the antibonding 3s and the 3p orbitals is expected beyond n = 8, in agreement with the observed increase in the 3p bandwidth. However, a clear picture can only be gained from spectra taken at higher photon energy3* and from supporting calculations.
The spectra of the Ga; clusters with n = 8-l 1 (Fig. 5 ) vary only slightly compared with the spectra of the larger and smaller Ga clusters. All observed features are assigned to photodetachment from 4p derived molecular orbitals. The bandwidth does not change drastically and the number of resolved peaks varies between three and five. 'This supports the assumption of an onset of s-p hybridization for the Al clusters of the same size. The hybridization is accompanied by an increase of the p bandwidth not observed for Ga clusters of the same size. In Ga, the s band has a higher BE and therefore the onset of hybridization is shifted towards larger cluster sizes.
8. Al; /Ga; , Again the pattern observed in the spectra of the larger Al clusters changes dramatically compared with the size regime n = 8-11. The spectra of AlG-Al, (Fig. 4 ) simplify and a single feature A located at 3.5-4.0 eV BE dominates the photodetachment signal. Except for Alfi, this single feature is accompanied by one or two additional peaks (marked B and C) at lower BE.
Al, displays only a single relatively narrow feature (Fig. 4) . This high degeneracy of the electronic states corresponds to a pronounced maximum of the size dependence of the VDE (see below). The high VDE of this cluster can be explained by a shell closing corresponding to 40 electrons in terms of the jellium model. However, our photoelectron data of the small clusters do not support the jellium picture for these particles and therefore the observations for Ali have to be explained using more complex models. Quantum chemical calculations" predict a highly symmetric icosahedral geometric structure for the Al, anion. This cluster is therefore very similar to a neutral rare gas cluster of 13 atoms and approaches a spherical geometry as closely as possible. Due to the high geometrical symmetry, the electron orbitals are highly degenerate in agreement with the photoelectron spectrum. We assign peak A in the spectrum of Al, to photodetachment from molecular orbitals derived from the 3p states of the atoms. However, as discussed for the smaller Al clusters, we cannot exclude a contribution from 3s derived orbitals.
The spectrum of Gafi exhibits a double peak (Fig. 5 , marked A) which might be due to a reduced symmetry compared with Al, or the "general" difference in the s-p hybridization. However, there is still a pronounced maximum of the VDE for n = 13 and the 4p bandwidth has a minimum indicating an increased degeneracy of states for GaE. Therefore, Gafi can be assigned to a "magic number" cluster, but the structural symmetry could possibly be lower than in Al,.
Based on the assignment of feature A of the spectra of Al;I-Al,, the additional features observed in the spectrum of Al,, Al& and Al, can be understood qualitatively. For Alfi, the spherical symmetry'is not quite achieved and the 3p derived orbitals are not completely degenerate. The spectrum of Al, is very similar to the one of Al,. This might be due to the fact that either one differs from the magic number cluster by one atom. The splitting of the partially degenerate 3p orbitals is similar if there is a hole in the icosahedral shell, or if an additional atom "sits" on the icosahedron. The spectrum of Al, displays only a single additional peak with a slightly increased intensity compared with one of the corresponding features observed for Al,. Its BE is about the average BE between the two Al, peaks. This observation should again be related to the geometric structure of the cluster, but high level calculations are necessary to gain a reliable assignment.
The pattern observed in the spectra of Al1,-Al1, can also be identified for GaGGaG.
For Ga+Gai, the prominent feature A observed in the Al spectra is split into a double peak. We observe analogous additional peaks as for Al. In the case of Gal,, the prominent feature even seems to be split into three peaks, but due to the decreased signal to noise ratio in this spectrum, the splitting is difficult to establish. The discussion of the small additional features is analogous to the Al data. The discussion of the spectra of Gal,-Ga, in terms of the observation of a split main feature and some additional features at low BE is based on the observation of this pattern for the Al clusters of the same size. We note that this pattern is not obvious without the prior knowledge of the Al data.
VI. ELECTRON AFFINITIES
The electron affinity (E.A.) is commonly defined as the energy gained if an additional electron is added to the neutral cluster. Analogous to the case of the ionization potentials of neutrals, one has to distinguish between a vertical E.A. and an adiabatic E.A. The adiabatic E.A. is the difference in binding energy between the two electronic ground states in their relaxed geometry. The vertical E.A. is the difference in binding energy between the neutral ground state and the electronic ground state of the anion with the nuclei fixed at the positions corresponding to the neutral ground state geometry. This usually corresponds to a vibrationally excited state of the anion and is described by the Franck-Condon principle. If the ground state geometries differ, the vertical E.A. is smaller than the adiabatic E.A. However, with our experimental method, we determine the vertical ionization potential of the anion (VDE28 = vertical electron detachment energy), which differs from the vertical and the adiabatic E.A. Figure 8 illustrates the different transitions connected to the different quantities. The adiabatic ionization potential of the anion corresponds to the transition from the anion ground state into the neutral ground state. The adiabatic ionization potential of the anion is equal to the adiabatic electron affinity of the neutral cluster. The VDE corresponds to the transition from the ground state of the anion into the neutral electronic ground state with the nuclei frozen in the anion ground state geometry. This energy is measured by a photodetachment experiment because the removal of the electron is a fast process compared with the movement of the nuclei. The VDE is in most cases larger than the adiabatic electron affinity.
Only Number if Atoms 'tf 16 FIG. 9 . The VDE (see the text for de8nition) of the Al and Ga clusters extracted from the photoelectron spectra obtained using 3.68 eV laser radiation. The value is determined as the peak position of the feature at lowest BE assigned to the bare cluster. Starting from n = 7, a weak evenodd alternation is observed. The amplitude of the alternation increases with a local maximum at n= 13. The uncertainty of the absolute binding energy is f 0.1 eV. The determination of the size dependent relative shifts of the VDEs between two clusters is more accurate ( f 10-20 meV) . The resulting error of the displayed values corresponds to about the size of the symbols (X and 0). Figure 9 displays the VDEs of Al; and Ga; extracted from the photoelectron spectra taken at hv=3.68 eV. The values are also listed in Table I . The VDE is determined as the center of the peak at lowest BE. The VDEs are expected to exhibit an even-odd alternation for metals with an odd number of valence electrons per atom. The data displayed in Fig. 9 do not exhibit a pronounced alternation for smaller Al clusters (n < 7). Starting at n =7, a weak alternation is observed. The amplitude of the alternation is largest at n = 13. However, due to the limited set of data, it is uncertain if the alternation continues to larger clusters. Earlier measurements"' on Al; clusters did not show an alternation, which might be due to the limited energy resolution in these experiments. A similar behavior is found for Ga; (Fig. 9) . The amplitude of the even-odd altema- tion is comparable to Al;, but for both metals, the alternations are much weaker in amplitude than those observed for the coinage metal or alkali clusters of the same size.14 The lack of an odd-even alternation for the small clusters (n < 7) is in disagreement with the predictions of the ellisoidal JM.t4 These very small clusters are not spherical and the electronic shells split into single electron orbitals. Thus, each orbital corresponds to a subshell and shell closings occur for all even numbers of electrons. Even if the electrons occupy localized but nondegenerate orbitals, an alternation should be observed. There are two possible explanations for the lack of an alternation: (1) there are highly degenerate molecular orbitals arising from a high symmetry; or (2) the electron-electron interaction changes the occupation of nondegenerate orbitals preferring higher spin multiplicities. For the very small planar clusters, there are (T and P orbitals (see above). These orbitals are very close in BE, but usually not perfectly degenerate. However, the density of valence electrons confined in the cluster is three times higher compared with alkali clusters. Therefore the electron-electron interaction is strong and the occupation of the nearly degenerate o and rr orbitals may differ from the singlet-doublet scheme observed for monovalent metal clusters preferring high spin states. This behavior is predicted" for neutral Al clusters with n < 6.
This also explains the appearance of a weak alternation for the larger clusters (Fig. 9) . The increasing diameter of the electron orbitals for larger clusters causes a decrease in interaction energy between electrons in delocalized orbitals. With increasing cluster size, the electrons tend to occupy the orbit& depending on the BE only. The appearance of an even-odd alternation is expected and the ground states of the clusters alternate between singlet and doublet states.
The maximum of the VDE at n = 13 can be explained by the high symmetry of the icosahedral Al, indicated by the observation of one narrow feature in the photoelectron spectrum (Fig. 4) only. The high anion symmetry is due to a coincidence of geometrical and electronic shell closings occurring at 13 atoms and 40 electrons.
The onset of the even-odd alternation at n=7 coincides roughly with the observed change in the structure of the photoelectron spectra at n = 8. The spectra support the assumption of a planar symmetry for the very small Al; clusters up to n=5. Beyond n =7, the photoelectron spectra exhibit a congestion of peaks, which simplifies around n= 13. The change of the pattern observed in the spectra might by caused by the transition from a planar symmetry to a spherical symmetry. Al, is planar (or close to planar) and Al, exhibits an icosahedral symmetry'0 close to that of a sphere. The transition from 2D to 3D takes place in between. The spectra of Al, and Al, exhibit some resemblances with Al, indicating a similarity of structure.
The onset of the even-odd alternation coincides with the onset of the transition from 2D to 3D structure. The small planar clusters exhibit nearly degenerate molecular orbitals with (T and P symmetries, and calculations" predict that states with high spin multiplicities are more stable than minimum spin states. Starting from n = 5, the clusters gradually prefer 3D structures. The splitting of the close lying orbitals increases beyond n=7 and the electronelectron interaction decreases due to the increased distance between delocalized electrons. Accordingly, the ground states are either singlet or doublet states and an even-odd alternation is observed.
VII. SUMMARY
We have presented photoelectron spectra of Al; and Ga; clusters taken at two different photon energies (hv =3.68 and 5.0 eV). The energy resolution (30-100 meV) of the photoelectron spectrometer is sufficient to resolve much more details than earlier measurements.21-23
The photoelectron spectra have been compared qualitatively with the results of quantum chemical calculations.'-" The spectra can be divided into three size regimes which correspond to the predicted transition from a planar to a compact 3D structure of the particles.
A. n=2-7
The clusters with n =2-5 are predicted to be planar. The features observed at low BEs for n = 2-4 are assigned to u and rr orbitals in agreement with the calculations. For Al;, a feature observed at higher BE is assigned to the antibonding orbital of the 3s band. The 4s band of Ga is located at about 1 eV higher BE. The features corresponding to 3p/4p derived orbitals in the spectra of Al and Ga clusters are very similar. The spectrum of Al, resembles the same pattern as the spectrum of Al, supporting the assumption of a planar structure of the pentamer. For n = 6 and 7, the spectra still exhibit a certain similarity to the spectra of the smaller clusters, which might correspond to a nearly planar or buckled geometry of these particles.
B. n=8-11
The bandwidth of the 3p derived orbitals increases gradually with cluster size. The spectra of Al; with it = 8-11 exhibit an increasing number of partially overlapping features. We suppose this increasing complexity corresponds to the transition from a planar to a 3D structure. Within this transition region, the symmetry of the clusters is rather low. The similarity to the spectra of Ga; clusters decreases gradually with n, which can be explained by the onset of hybridization of the Al 3p orbitals with the antibonding 3s derived orbital. The hybridization occurs in Ga at higher n due to the larger s-p gap and is beyond the size range of our present work.
C. n=12-15
The structure of the spectra of Al; simplifies again and only a few peaks are observed. The single feature observed in the spectrum of Al, is in qualitative agreement with the predicted high symmetry of the icosahedral particle.4 The spectra of Al, and Al, are similar and exhibit one main feature and two smaller peaks at low BE. This splitting might correspond to a reduced symmetry of these particles. The reduction in symmetry is similar for an ad-ditional atom or the lack of one atom with respect to the 13 atom icosahedra. In general, the spectra of Al, with n = 1 l-l 5 are similar and therefore we propose a geometric structure close to a sphere for these particles. The spectra of Ga, exhibit a certain similarity to the Al spectra. However, the main feature is split into two or three peaks.
The spectra of the clusters with n < 12 show no similarities to an electronic shell structure observed for monovalent clusters. From the comparison with quantum chemical calculations, the development of a shell can be expected when the s andp bands start to merge. We find hints for the onset of s-p hybridization for Al; beyond n =7. For the test of the validity of the JM, data taken at higher photon energies and extended to larger cluster sizes are necessary.38
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